] ¼ 1 : 4). A sequential extraction scheme was employed to study Se speciation before and after the reaction. Se species were classified into five groups (water-soluble, exchangeable, elemental Se, oxide-containing iron state, selenide). Results indicated that elemental Se was the primary species in the reaction products.
Introduction
Selenium (Se) is a ssion-product nuclide in nuclear reactions. It has a half-life of 2.95 Â 10 5 years. Se has chemical and radiant dual-toxicity, and is a high-level radioactive waste in geological disposal systems. 1, 2 Se is an indispensable element in humans, ora and fauna. Humans and animals are very sensitive to its intake, and inappropriately high intake is harmful and toxic. A daily intake of Se > 400 mg is toxic for humans. 3 The average concentration of Se is in the ng L À1 range in water and is 0.4 mg kg À1 in soil. 4 Se(IV) originates from the products of agriculture, mining, smelting and coal-burning industries, and can be released from the natural weathering of Se-rich black shales and other geological deposits. [5] [6] [7] Se is an element with various valence states (ÀII, ÀI, 0, +IV, +VI), and Se(ÀII), Se(ÀI) and Se(0) (elemental Se) are the dominant species in reducing conditions. Se(IV) mainly exists in weak oxidizing conditions and Se(VI) exists in strong oxidizing conditions. According to Eh-pH phase diagrams, 8 is the predominant species (pH < 2). The principal dissolved state of Se(ÀII) is HSe À , and H 2 Se (aq) is the main form (pH < 4).
As reported by the Environmental Protection Agency (FRL-5649-7), the acute toxicity of Se(IV) is nearly tenfold higher than that of Se(VI) when they simultaneously coexist in surface water with the same concentration in the presence of oxygen.
9
The chemical properties of Se solutions are considerably unique, with extremely strong mobility that is not inuenced by solubility, and poor absorption by clay or granite. Therefore, reduction from high valence Se(IV) to Se(0) deposited into sediment is the primary reason for the hindrance of Se mobility. Fe(II)-mineral is a type of ubiquitous mineral that is reducible in nature, but there are others, including magnetite, iron pyrite, pyrrhotite and siderite. Retardation of selenite reduction by Fe(II)-mineral has aroused extensive concern.
2,9-13 Studies have shown that zero-valent iron and nano zero-valent iron 14, 15 exhibit a low removal rate on Se because dense iron oxides can form on the surface and lead to low reaction activity. However, ferrous hydroxyl complexes (FHCs) can achieve good performance in this respect. For example, reductive transformation of reactive black 5 by FHCs has shown that the latter can reduce azo dyes by cleavage of chemical bonds and generate aniline.
16
Owing to the low removal efficiency, it is hard to introduce these natural Fe(II)-minerals into environmental engineering. It is well-known that Se(IV) in the environment is absorbed on the surface of zero-valent iron with chemisorption, and is gradually reduced to Se(0), Se(ÀI) or Se(ÀII). A similar reduction mechanism has been mentioned by immobilization of selenite on Fe 3 O 4 and Fe/Fe 3 C ultra-small particles. 9, 17 The mechanism of Fe-Mn hydrate application on Se(IV) involves loading of Se(IV) onto the active site of the amorphous form of Fe(III)-Mn(III) hydrate, which forms an inner-orbital coordination compound (bidentate binuclear). Meanwhile, the active sites on the surface of Fe(III)-Mn(III) hydrate increase with decreasing pH value.
18
The green rusts (GRs) formed in the reaction system of OH À and Fe(II) or Fe(III) belong to layered double hydroxides (LDHs). Myneni et al. 19 studied the reducing effect of GRs on selenite and estimated that GR(SO 4 2À ) could reduce selenate to selenite with Se(0) and a small amount of Se(ÀII). The mechanism was found to involve physical absorption (ion exchange and ion coexistence) due to the LDH structure of GR. Meanwhile, chemisorptions of Se(IV) and bidentate binuclear iron polyhedrons occur in the pH range 7.0-9.3, which is accompanied by the production of Se(0) and FeSe x without Fe 2 (SeO 3 ) 3 .
FHCs in the presence of a structural Fe(II) complex possess high reduction activation. Wu et al. 16, 20 evaluated the disposal of organic pollutants by structural Fe(II). They also discovered that structural Fe(II) had better removal efficiency at lower cost than GRs or siderite. 21 However, few studies have focused on Se(VI) removal by structural Fe(II) from aqueous solution, and the mechanism for the removal of Se(IV) by structural Fe(II) has not been studied. Therefore, the objectives of this study were to: (1) investigate the removal efficiency of Se(IV) with various dosages of structural Fe(II) and reaction kinetics, (2) ] ratios with Se(IV) sediments, was determined by a sequential extraction scheme according to previously published methods.
22,23 A ve-stage sequential extraction procedure was used in sediment with the following extraction: (1) water-soluble Se (ultrapure water); (2) exchangeable Se (0.1 M NaH 2 PO 4 , pH ¼ 7); (3) elemental state Se (1.0 M Na 2 SO 3 , pH ¼ 7), water bath ultrasonication for 3 min; (4) oxide-containing Fe state (15% CH 3 -COOH and digestion); 24 (5) Se compound states (selenide) (0.5 g KClO 3 , concentrated hydrochloric acid). Extractions were performed in 50 mL Falcon tubes, and each extraction step used 20 mL of extractant, with shaking or ultrasound, centrifugation (3500 rpm) for 15 min and ltration.
Analytical methods and characterization
Aqueous Se(IV) concentration was determined using ICP (720ES; Agilent, USA). pH was measured using pHSJ-3F (Shanghai Precision and Scientic Instruments, China). Aer ltration, solid products were rinsed with ultrapure water and immediately freeze-dried. Morphology of structural Fe(II) solid phase was obtained using a eld emission scanning electron microscope (S-4800; Hitachi, Japan) equipped with an energy dispersive X-ray spectrometer at 200 kV. XRD patterns were collected using a D8 Advance Powder X-ray diffractometer (Bruker, USA) and a Cu Ka (l ¼ 1.5406 A) radiation source (40 kV, 40 mA); the diffraction angle (2q) was recorded from 10 to 80 with a scanning speed of 1 min À1 and a step size of 0.02 .
Related oxidation states on the surface of Fe(III)-contained solid products were analyzed by X-ray photoelectron spectroscopy (XPS) using a PHI-5000 Versaprobe spectrometer equipped with a rotating Al anode generating Al Ka X-ray radiation at 1486.6 eV.
Results and discussion

Batch experiments on selenite removal and equilibrium
Selenite removal studies have important roles in adsorption studies because they can predict the equilibrium time and removal rate of selenite from aqueous solution. within 30 min. 25 During the course of the experiment, the milky white suspension gradually became atrovirens and, 1 h later, reddish-brown substances formed. A possible explanation for this phenomenon can be that structural Fe(II) was oxidized to Fe(II)/Fe(III) and/or Fe(III) hydroxides in the reaction. Another possibility is that the red Se(0) formed, which was also observed by Breynaert et al. in which red Se(0) particles formed on the FeSe surface aer FeS reacted with Se(IV) for 3 days.
2 Se(IV) removal by structural Fe(II) hydroxides could be described by a generalized pseudo-rst order kinetic model and generalized pseudo-second order kinetic model. Meanwhile, the correlation coefficient (R 2 ) of the generalized pseudo-rst order kinetic model was 0.8505, whereas the generalized pseudo-second order kinetic model was 0.9828 ( Fig. 1 inset) . Se(IV) removal by structural Fe(II) was more coincident with the pseudo-second order kinetic model. In the following section, the generalized pseudo-second order kinetic model was further studied, with an expression shown as eqn (1) and the corresponding half-life (t 1/ 2 ) could be calculated using eqn (2) .
where [Se(IV)] shows Se(IV) concentration (mg L À1 ) at time t (min), k is the pseudo-second-order reaction rate constant and t 1/2 stands for the half-life of Se(IV) removal. Calculation revealed the reaction rate constant (k) and t 1/2 to be 1.05 Â 10 À3 mg g À1 min À1 and 31.7, respectively. 
where C e is the equilibrium concentration of selenite (mg L
À1
), C 0 is the assumed initial Se concentration, q e is the equilibrium adsorption capacity (mg g À1 ), q max is the maximum adsorption capacity (mg g À1 ), K L is the adsorption constant (L mg À1 ), and K F and 1/n are Freundlich isotherm constants related to adsorption capacity and intensity of adsorption, respectively. Models (BET, Langmuir, Freundlich) were tted to data, and the values of model parameters are summarized in Table 1 . The BET isotherm was the best-t model, whose R 2 was 0.9902, whereas there was little difference between the Freundlich isotherm (R 2 ¼ 0.9609) and Langmuir isotherm (R 2 ¼ 0.9650). Se(IV) removal was well described by the BET isotherm, so it can be inferred that selenite primarily experienced adsorption on the surface of structural Fe(II). Aerwards, Se(IV) could be reduced to Se(0), Se(ÀII) and precipitated as FeSe or FeSe x . The maximum adsorption capacity was 256.41 mg g
, suggesting that structural Fe(II) was more potential and effective than other related adsorbents.
25-28
Although the BET model was developed to describe multilayer gas sorption, it could also represent continuous accumulation of adsorbates on the solid surface until a maximum level of sorption. The BET model was preferable for use over a solid solution system because of its simplicity and ability to ascertain if continuous adsorption (e.g., polymeric cluster and surface precipitates) occurs. The constant K F of the Freundlich model was dened as adsorption capacity, 29 and the unit equilibrium concentration of structural Fe(II) for selenite removal was 144.89, which was higher than that for nZVI. 30 Moreover, the value 1/n in the Freundlich model for selenite was >1, suggesting that this isotherm was nonlinear, which can be attributed to adsorption-site heterogeneity, electrostatic attraction and other sorbent-sorbate interactions. Fig. 2 shows that the selenite removal rate and adsorption capacity had a signicant negative correlation. Chemical precipitation may have an important role at a higher initial selenite concentration; therefore, the seleniteremoval mechanism at high initial selenite concentrations (100-1000 mg L À1 ) may include adsorption and co-precipitation processes. However, Chubar et al. reported that surface precipitation was not part of the processes at the interface between Fe-Mn mixed adsorbent and aqueous selenite.
31
Therefore, the mechanism of selenite removal by structural Fe(II) required further study, as shown in subsequent sections.
Effect of FHC dosage
As shown in , the removal rate of Se(IV) was z90%. However, when the dosage of FHC(1 : 2) was >91.0 mg L À1 , the increase in the Se(IV) removal rate was not obvious. Agglomeration may be the more possible reason according to the scanning electron micrograph shown in Fig. 6 . were pH-dependent negative charge surfaces. A positive charge is better for selenite adsorption and then reduction, whereas electrostatic repulsion of a negative charge antagonizes selenite sequestration. There was a special phenomenon in the solution pH value before and aer the reaction. When FHC(2 : 1) and FHC(1 : 1) were used as adsorbents, the pH mainly decreased. When FHC(1 : 2)-FHC(1 : 4) were used, the pH was increased or changed slightly. This phenomenon is possible due to a deviation in pH determination. The authentic interpretation of Se(IV) removed by structural Fe(II) should be obtained in further investigations at the molecular level using spectroscopic methods such as XPS.
Effect of the [Fe(II)]/[OH
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Solid-phase analyses
XRD diffraction patterns showed products of FHC(1 : 2) with Se(IV) (Fig. 5) . Maghemite (PDF: 25-1402) is consistent with the products of GRs with Se(IV). 19 The intermediate products of GRs were formed in the reaction, which was followed by the adsorption of Se(IV) onto them in a subsequent process. In addition, characteristic strong reections at 2q ¼ 23.5 , 29.7
and 43.6 were detected, which were taken to be for Se (PDF: 42-1425). The result showed Se(IV) was reduced to crystalline Se(0) in the reaction. Fig. 6 displays the scanning electron microscopy (SEM) images of fresh FHC (A) and reacted FHC (B and C). Many intervals were observed in the image of fresh FHC, and it was obvious that the reacted FHC formed an agglomeration, and FHC(1 : 4) granules apparently grew larger, which was a possible reason for the lower removal rate of Se(IV). According to energy dispersive X-ray spectrometry (EDS) (Fig. 7 ) , the level of solid Se on FHC(1 : 1) or FHC(1 : 2) was obviously higher than that for FHC(1 : 4) in the nal products, which could also demonstrate that the removal capacity of the former was higher than that for the latter.
Structural Fe(II) exists as a poly-hydroxyl conjoined with Fe(II), whose structure is similar to GRs, and the removal mechanism for this heavy metal is also similar. 33 Some studies have demonstrated ion exchange during processing, making it necessary for future study on structural Fe(II) in solid products. 35 Although all experiments were conducted in an anaerobic chamber, the residual O 2 on the solution surface could never be completely expelled, and the solid samples were exposed to air when transferred for XPS analyses. Fig. 8 There are some limitations in the analyses of XPS spectra that contain Fe and Se due to the interference between Fe3p and Se3d. Fortunately, because there was no overlap in the binding energy between Se(IV) 3d and Fe3p, the changes in Se(IV) in the solid stage could be observed. Based on the National Institute of Standards and Technology binding energy database, Fe3p spectra of structural Fe(II) are at 55.9 eV, Se3d spectra of Se(IV) are at 59.1 eV, and spectra peaks of Se(0) are at 54.6-55.9 eV. product and accounted for 77% of the ve groups when FHC(1 : 1) was reacted with Se(IV). The presence of exchangeable Se indicated that FHC had the function of occulation adsorption. The percentage content of exchangeable Se on FHC(2 : 1) was obviously higher than that for FHC(1 : 4) or FHC(1 : 1). This conclusion was consistent with XPS spectra analyses of Se. The results of sequential extraction treatment indicated that reduction immobilization was the principal approach for selenite removal. The bidentate inner-sphere surface complexes formed on the structural Fe(II) surface was consistent with previous studies.
37,38
Shrimpton et al. studied Se(VI) reduction by zerovalent Fe and found Se(IV) could be reduced to Se(0). Under high pH conditions, the main precipitation products were iron selenides. However, at low pH, neither FeSe 2 nor FeSe was observed in that study. 39 As the reaction time progressed, structural Fe(II) could be gradually oxidized to GRs. Aerwards, Se(IV) was mainly reduced to Se(0) and then participated in interlayer ion exchange, which could contribute to the removal capacity of structural Fe(II) being better than GRs. The reducibility of structural Fe(II) was obviously stronger than that of GRs, which was different from many other removal mechanisms.
9,18,40-42
Se(IV) was either absorbed on the surface of structural Fe(II) mineral and reduced to Se(0) or ion-exchange between Se(IV) and other anions occurred.
Conclusions
FHCs were synthesized and employed to remove selenite. The Se(IV) removal isotherm was adequately described by the BET isotherm, and the calculated maximum removal capacity of Se(IV) was 256.41 mg g À1 . The corresponding tting result was more coincident with the pseudo-second order kinetic model and the reaction rate constant (k) was 1.05 Â 10 À3 mg g À1 min
À1
. When the FHC(1 : 2) dosage was 91.0 mg L À1 , the removal rate was z90%. The amount of solid Se on FHC(1 : 1) or FHC(1 : 2) was obviously more than FHC(1 : 4) in the nal products, which could also demonstrate that the removal capacity of the former was higher than that of the latter. XRD diffraction patterns showed that structural Fe(II) was translated into maghemite and Se(IV) was reduced to crystalline Se(0) by FHC(1 : 2). XPS spectra indicated that the mechanism of Se(IV) removal by FHC(1 : 1) involved the combined effects of adsorption and reduction, and Se(IV) removal by FHC indicated that structural Fe(II) was a lower-cost, effective material for selenite removal.
